Head computed tomography examinations are often accompanied with unnecessary irradiation of superficial organs that are rarely the main target for the investigation. The aim of this work is to demonstrate that lead shields could be effectively used to protect superficial organs without compromising image quality where superficial organ itself is not a target and that the irradiation of the superficial organ is unavoidable. The objective was achieved by first assessing the image quality using phantom measurements made with and without lead shielding in order to determine optimal shielding thickness for patient applications. The entrance surface doses (ESDs) to superficial organs of sixty patients were measured using LiF-thermoluminescent dosemeters without, with one layer, or with two layers of lead shields. Phantom studies demonstrated that the use of modified lead shields of up to 0.25 mm thickness could be used without significant effect on the image quality for central and posterior regions. In these studies, lead shields of 0.25 mm thickness reduce the ESDs to the lens of the eyes and thyroid by 44 and 51%, respectively. The image quality reduction by eye shields was significant to the anterior (i.e. orbital) region but marginal to the central and posterior regions (cerebrum). In view of the above, the use of modified lead shields could reduce the dose to the superficial organs considerably without significantly compromising image quality.
INTRODUCTION
The concern about relatively high radiation doses to patients undergoing computed tomography (CT) examinations and potential of future deleterious effects associated with such doses has been emphasised in the literature (1 -3) . What has been less emphasised is the effect of radiation doses to superficial radiosensitive organs from such practices. Unfortunately, during these examinations, some of superficial organs such as the lens of the eyes, thyroid and breasts, which are not the main target for the investigation receive unjustified radiation doses (4, 5) . It has been reported that radiation doses exceeding 0.5 Gy can induce lens opacity, whereas those exceeding 4 Gy are known to induce cataract (6, 7) . Although the doses received by the patients with single scan hardly reach the stated thresholds, optimisation methods to reduce such doses are nonetheless required for two reasons.
First, there are occasions where physicians find it convenient from diagnostic point of view useful to repeat the examinations. Since the number of CT examinations of head account for $60% of all CT examinations performed in Tanzania annually, the effects of repeated examinations on a single patient could easily exceed the threshold stated for the lens of the eyes (8) . An additional factor, which is relevant to Tanzania, is that observations from previous studies have shown that on average doses to the lens of the eyes from CT examination of head per hospital ranged from 40 + 6 to 110 + 35 mGy (9) . Because of variations in scanning protocols, it has also been observed that the dose to this organ for single scan to individual patients exceeded the dose limit of 150 mGy per year that was set to prevent opacification of the lens in persons occupationally exposed (9 -11) . The need to minimise radiation dose to superficial organs is critical since the inclusion of such organs in the CT scans has no effect on diagnostic accuracy. Therefore, according to the optimisation principle, such doses should be kept as low as reasonably achievable (ALARA). Recognising this need in the past, various attempts have been made to reduce dose to superficial organs using shielding materials within or outside the plane of a CT image (4, 5) . Shielding as a mechanism to reduce photon statistics in the selected projections can degrade the image quality in two ways. The general effect of reducing photon statistics leads to image noise while attenuation of photons in selected projections can induce streaking artefacts that can degrade diagnostic information. As a result, image noise and artefacts can be used to evaluate the methods of dose reduction by shielding.
Although lead-impregnated latex is a potential material for shielding, its inability to conform to the surface of the eyes and nose (due to thickness) has made its use unattractive. The reluctance expressed on the use of lead latex for this purpose has been based on the hypothesis that such deficiencies would degrade image quality to unacceptable levels (7) . As a result, these authors preferred to use 0.85 gm/cm 3 of bismuth for each thickness, which had a lead equivalent of 0.015 mm, which is sufficiently flexible to conform to the shape of the region occupied by the superficial organs. This approach has enabled these authors to use optimal bismuth latex thickness that lowered dose to superficial organs by half while maintaining acceptable image quality (12 -14) . Since the material used by these authors is not readily accessible in Tanzania and the need to minimise radiation dose to superficial organs is increasing, it has become imperative to re-examine lead latex as potential shielding material. The aim of this study was to investigate the effectiveness of modified lead shielding to minimise the inherent limitations and its ability to reduce the dose to the lens of the eyes and thyroid to patients undergoing head CT examinations without degrading qualitative image quality appreciably. Success of this approach would benefit nations that have limited access to bismuth latex currently used for this purposes.
MATERIALS AND METHODS

Data collection
In order to achieve the objective of this study, both phantom and patient measurements were made. The data needed for phantom studies were obtained using a cylindrical head polymethyl-methylacrylate (PMMA) phantom of 16 cm diameter ( Figure 1 ). The data needed for patient studies were obtained from 60 patients (male 32, female 28, age 44.3 + 16.9 and age range 15-78) who underwent medical CT examination of the brain at the Muhimbili National Hospital (MNH), Dar es Salaam, Tanzania. As recommended elsewhere, only patient that conforms to the requirements for standard positioning of the head for CT (i.e. the patient lies supine on the CT table) were included in the study (14) . Both phantom and patients were scanned using a Philips Tomoscan SR 4000 scanner (Philips Medical Systems, Japan). Before use of the scanner, the basic performance tests were verified using noninvasive X-ray test device (Victoreen, model 4000 þ -SI, Serial No 105681) and a pencil, ionisation chamber (Diados, type M30009, Serial No 0254, PTW-Freiburg) connected to an electrometer (Diados, type 11003, Serial No 1394, PTWFreiburg). The kilovoltage accuracy and reproducibility were 4.3 and 0.1%, respectively, while output linearity (mGy/mAs), output reproducibility and HVL measurements at 120 kV were 0.7, 1.8 and 6.9 mmAl, respectively. Prior to the study, ethical clearance was obtained from the National Institute for Medical Research (NIMR) and from the respective hospital, and informed consent was obtained from each patient. In order to determine the influence of patient-exposure-related parameters on organ dose, patient-exposure related parameters for each patient were collected. These included: age, weight, sex, use of contrast, gantry tilt, kilovoltage (kV), tube current (mA), exposure time, slice thickness, table increment and number of slices. The collection of patient-exposure-related parameters was done using individual survey forms prepared for each patient.
Design and construction of lead shields
As mentioned earlier, the concept that lead-impregnated latex was unsuitable was premised on the fact that it is thicker and much harder to mould to the surface of the body than bismuth latex. These features make it more difficult to conform to the surface of eyes and nose as already stated elsewhere (7, 15) . To overcome these limitations, the shield was modified by placing thin sheets of lead (Pb) of 0.125 mm equivalent thickness, obtained from wornout lead apron over 18 mm thick of sponge materials (foam pad). The integrity of the lead sheets was checked before and after construction using diagnostic X-ray machine. The sponge materials were used to give the shields more substance for positioning, to lift the lead layers away from the surface of eyes and nose wall in order to decrease radiation scatter from entering the tissue, and decrease the potential for artefacts, as the preliminary evaluations revealed that artefacts were more pronounced when the lead shield was placed closer to the surface of the eyes than away from the surface of the eyes (13) . The sponge materials and sheets of lead were then laminated using plastic sheeting, and the side with shield was marked to reduce the likelihood of the shield being placed upside down. In order to ensure that the shield would mould well around the surface of eye and nose, it was necessary to introduce a rubber belt at each end of the eye shields that pulled it from the back as shown in Figure 2 . Thyroid shields were also designed to provide maximum superficial anterior and lateral protection to the thyroid gland and positioned over the patients Adam's apple. A rubber belt was also used to ensure that the shield had a reasonable formfitting to the patient's anatomy and to prevent dislodging during normal breathing and swallowing.
Thermoluminescent dosemeters calibration
Dose measurements in this study were done using lithium fluoride (LiF)-thermoluminescent dosemeter (TLD) chips (TLD-100, 3 Â 3 Â 0.9 mm 3 ; Harshaw, Bicron-NE Solon, OH, USA). About 250 TLD chips were used to measure the entrance surface doses (ESDs) to the organs. Before use, the TLDs were prepared, oven annealed at 3008C for 1 h using a WTB Binder Type E 53 (Serial No 900039) and then cooled to room temperature before being further re-annealed to the maximum heating temperature of 3208C for 13 s of heating time for two TL read-out cycles using Harshaw TLD system, model 4000 B (Serial No 3190). The TLDs were then calibrated in terms of absorbed dose in air using 137 Cs (662 keV) reference radiation protection quality and the individual calibration coefficient determined for each dosemeter. The linearity of response of the TLD chips was determined using 137 Cs gamma source at 0.5, 1, 5, 10, 15 and 20 mGy using method described elsewhere (16) and that the correction factor was applied when using dosemeters in the X-ray beam relative to that of 137 Cs photon beam. The average performance characteristics of the TLD 4000 and TLDs used for the dose measurements are summarised in Table 1 (16 -18) . The coefficient of variation depending on the dose level varied from 16 to 3.1% for 0.5 to 20 mGy, respectively; and significant correlation (R ¼ 0.9982) was observed between TLD response and observed dose. The influence of background radiation was accounted for Table 1 . Performance characteristics of the Harshaw 4000 TLD system using LiF TLDs (15, 17) . 
Phantom studies
Phantom studies were performed using a cylindrical head PMMA phantom in order to determine the optimum amount of radioprotective materials (i.e. lead) to be used over radiosensitive organs. The purpose of phantom studies is to determine the appropriate thickness of shielding material prior to clinical studies. In order to facilitate this, phantom studies were divided into four parts. In the first part, a set of three TLD chips sealed in a 30 Â 30 Â 0.01 mm 3 polythene sachet was taped over the upper surface of phantom, using ordinary plastic tape, and the phantom was then imaged using typical scanning parameters for head (i.e. 120 kV, 140 mA, 2 s, 5 mm slice thickness and 23 scans). In the second part, another set of three TLD chips was placed over the upper surface of the phantom and the eye shield of single thickness (1T) was then placed on top of the TLD chips before the phantom was scanned using the same exposure parameters (Figure 3) . The procedure was repeated with a double thickness (2T) and with a triple thickness (3T).
The image generated from the phantom was divided into three regions (i.e. upper, central and lower region) on the basis of the distance from where shielding material was positioned. The upper and lower regions of phantom correspond to the anterior and posterior regions of CT examination of head. In each of these regions, the CT number and image noise, recorded as standard deviation (SD) in Hounsfield units (HU), within the region of interest (ROI), were determined using the available ROI software (19) . The mean CT number and image noise (SD) for each group were then determined and analysed. A paired t-test was performed to determine whether the noise for all regions differed significantly for shielded against non-shielded phantom. A paired t-test was also performed to the data for the shielded phantom to determine whether the noise on upper region versus central and lower regions differed significantly. On the other hand, the dose to surface of the phantom for each group was determined from the average dose of three TLD chips. Comparisons between image noise and doses with and without shields were performed with analysis of variance and the Student t-test, a p-value of ,0.05 being considered significant (95% confidence interval).
Patient studies
Sixty patients were recruited into the study of the ESD measurements at the lens of the eyes on the basis of the entry criteria. In practice, the effects of shielding would be best made with the eyes and thyroid shielded simultaneously. However, because of psychological reasons, it was agreed that out of the 60 patients, 30 would be examined without, with one layer or with two layers of lead shields on the eyes and the other 30 without, with one layer or with two layers of lead shields on the thyroid. In order to avoid repeated patient measurements, it was necessary to further subdivide the 30 patients into three subgroups. In the first group of 10 patients, measurements of dose to the lens of eyes were done without an eye shield. In the second and third groups of 10 patients each, measurements of dose to the lens of eyes were done with eye shield of 1T and 2T, respectively, as shown in Figure 2 . Prior to the scan projections radiograph (scout view, topogram, etc), a pair of LiF TLD chips sealed in a 30 Â 30 Â 0.01 mm 3 polythene sachet was carefully taped using ordinary plastic tape over the closed left eyelids of each patient in each group. On the other hand, the remaining 30 patients were recruited into the study of the ESD measurements at the thyroid gland. The patients were also divided into three groups and the same procedure as used in reference to the lens of the eyes was followed. Prior to scanning, a pair of TLD chips was placed over the thyroid gland at a point midway between the sternal notch and the cricoid cartilage in the midline. The dose measurement to the lens of eyes and thyroid gland was taken only for scan projection radiograph (i.e. scanogram) and scans without intravenous (IV) contrast. If additional slices or a repeat examination after IV contrast administration was required, the TLDs were removed and the examination completed. All scans were performed at 120 kV using the following protocols: a lateral scanogram from 1 cm below the occiput to the vertex, 220 mAs, 2 mm slice thickness, scan length 250; a scan sequence involved an average of 19 slices: 10 slices from base of skull to posterior fossa with a slice thickness and table increment of 5 mm at 220 mAs, followed by nine slices from posterior fossa to the vertex, each with a slice thickness and table increment of 10 mm at 280 mAs. In few cases, a scan sequence was taken for a single series from base of skull to the vertex with slice thickness and table increment of 10 mm at 280 mAs (Figure 3 ). Each scan was monitored during acquisition to assess any artefact into diagnostic portion of the image that may have resulted from the use of the radioprotective materials. The doses to the individual organs were determined using the average of dose from two TLD chips. The mean organ dose for the lens of the eyes and thyroid with and without protectors were then determined from individual ESD. However, in order to avoid the influence of gantry tilt on the effect of shielding materials on radiation dose, only measurements of ESD done without gantry tilt (08) were used to estimate the dose to the lens of the eyes with and without different thickness of lead shields (Figure 3) . Comparison between doses with and without shields were made using analysis of variance and the Student t-test (a p-value of ,0.05, 95% confidence interval) (to determine whether such differences were significant) as described earlier.
In addition, the quality of the patient images were assessed by three experienced radiologists for a perceptible difference in image quality in the head CT examinations at the anatomical level under the shield (i.e. IT and 2T) compared with non-shielded head CT examinations, and whether the images were of diagnostic quality. In order to achieve this, a set of images from one without shielding, with 1T and 2T shielding materials, were produced in one film. In each image, observers were required to determine the presence of artefacts and level of image noise from three regions-upper, central and lower-and comment their effects on image quality. The films were blinded with an alphabetical code so that the observer could not differentiate the images on the basis of shielding thickness. The coded films, which were arranged in a random order, were then evaluated by each radiologist who noted their findings in the survey form. They scored the fulfilment of each individual image criterion by marking a 'tick' to either of the boxes marked 'yes' or 'no' when the image was found with or without artefacts, respectively. For the criterion that could not be evaluated, it was marked 'not applicable' (n/a). In analysing the data, each marked box of either 'yes' or 'no' was assigned 1 (one) point, while unmarked box was assigned 0 (zero) point. The 'n/a' answers were computed as void values. The mean image quality score per region (i.e. upper, central and lower) for images without and with 1T and 2T shielding materials were then determined.
RESULTS AND DISCUSSIONS
Phantom studies
The effects of lead shields on the image quality and dose were determined as described earlier using the PMMA cylindrical head phantom. The image quality in terms of mean CT number and image noise with and without different thickness of lead shields were determined as described earlier using ROI software and the results are presented in Table 2 . From the table, it was revealed that the differences in mean image noise values for upper region between phantom shielded with 1T, 2T and 3T and non-shielded phantom were statistically significant, while for central and lower regions the differences in image noise values were not statistically significant ( p . 0.71). In addition, the differences in image noise values between upper and central regions with 1T, 2T and 3T of lead shields were statistically significant.
On the other hand, the use of different thicknesses of lead shields was observed to have significant effect on CT number for upper region of the phantom images, while less significant for central and lower regions. The results presented in Table 2 indicate that for upper region of phantom, the shields increased the CT number by 43, 95 and 165% for 1T, 2T and 3T, respectively, of lead shields relative to non-shielded phantom; while for central region of the phantom, the shields increased the CT number by 3.4, 22.5, and 36%, respectively, relative to non-shielded phantom. For lower region of phantom, the CT number with 1T, 2T and 3T of lead shields resulted in CT number increase by 1.1, 9.6 and 16%, respectively, relative to non-shielded phantom. In view of these observations, it is evident that the introduction of modified lead shield could have significant effect on anterior region of head, while less significant on the central and posterior regions of the head. However, since most of the clinical studies for head CT are in deeper organs than superficial organs (i.e. orbits), it was anticipated that the use of modified eye and thyroid shields could significantly reduce the dose without adversely affecting the image quality required for accurate diagnosis. In addition, since the use of lead shield with 3T thickness was observed to cause significant image noise and some artefacts to the upper region and slightly in the central region of the phantom image, it was decided to exclude this approach from patients' studies.
The ESD to the phantom with and without different thicknesses of lead shields was determined as described earlier using TLDs and the results are presented in Table 3 . From the table, the results indicate that the shields enabled reduction of doses by 17, 34 and 45% for 1T, 2T and 3T, respectively, of lead shields relative to dose from non-shielded phantom.
The difference between the mean ESD value received by the phantom with 1T of lead shield and that received by the phantom without shielding was not statistically significant ( p ¼ 0.0812), while for 2T and 3T, the differences were statistically significant (i.e. p ¼ 0.0111 and p ¼ 0.0015, respectively).
ESDs to the superficial organs in patients
The ESDs to the lens of the eyes and thyroid with and without lead shields were determined as described earlier using typical scanning parameters employed by the hospital. The results of the ESD measurements are presented in Table 4 . It is evident from the table that variations of organ dose exist among patients. These variations were mainly attributed to the different scanning protocols (i.e. slice thickness, table increments and mAs) for head from patient to patient due to radiological preferences. The results indicate that the eye shields enabled reduction of the ESDs to the lens of the eyes by 32 and 44% for 1T and 2T, respectively. These differences in mean ESDs to the lens of the eyes between non-shielded and shielded with 1T and 2T were statistically significant (i.e. p ¼ 0.0167 and p ¼ 8.63 Â 10 24 , respectively). The 44% dose reduction achieved with 0.25 mm of lead shields in this study is comparable with the 50% dose reduction to the lens of the eyes achievable by bismuth shields (7) . The results further indicate that the shields enabled reduction of the ESDs to the thyroid by 37 and 51% for 1T and 2T, respectively. These differences in mean ESDs to the thyroid gland between nonshielded and shielded with 1T was not statistically significant ( p ¼ 0.0539), while statistically significant ( p ¼ 0.0199) with 2T.
On the other hand, the quality of the patient images for general CT examinations of head was subjectively assessed by three experienced radiologists as described earlier for a perceptible difference in image quality in the head CT examinations at the anatomical level under the shield (i.e. IT and 2T) compared with non-shielded head CT examinations, as well as the diagnostic quality of the images. The results of image quality score made by three radiologists (i.e. A, B and C) are presented in Table 5 . From the table, the observed small variation in mean image quality scores for the presence of artefacts and level of image noise between images with 1T and without shielding materials particularly for anterior region indicates that use of eye shield with 1T ( Figure 4 ) has attributed to degrading the clarity of anterior region particular to the orbital chamber contents, whereas no effect of the eye shield with 1T was generally observed for the central and posterior chamber of the eye. On the other hand, the large variation in mean image quality scores for the presence of artefacts and level of image noise between images with 2T and without shielding materials particularly for anterior region indicates that use of eye shield with 2T ( Figure 5 ) has significantly attributed to degrading the clarity of the orbital chamber contents, whereas the small variation of mean image quality scores for the presence of artefacts and level of image noise in central region slightly affected the diagnostic quality of the skin, anterior and posterior chamber of the eye and half the eyeball. In addition, slight image noise was projected to the diagnostic portion (i.e. cerebrum) of image from such shield. The fewer artefacts and smaller increase in level of image noise in the diagnostic portion of CT image of head particularly to the central and posterior regions were mainly due to the separation between the eye and the lead done by the use of foam pad. In view of these observations and experience observed elsewhere (7) , the use of lead shield for protection of the lenses of the eyes is not recommended for those examinations where orbit itself is the target. However, since the organs at forehead region such as orbit are rarely the main target for the investigation in the CT examination of brain, the thin ( 0.25 mm) layers of leaded latex with foam pad within the plane of CT image of brain can be used to protect the superficial radiosensitive organs without affecting the clear display of other deeper structures. In addition, the use of shielding techniques is useful for the protection of lens of the eyes in a situation when the head CT scans are carried out without gantry tilt. This is because when the head CT examination is carried out with an angulated gantry, the beam does not go directly through the eyes. On the other hand, subjective evaluations of the effect of thyroid shields with 1T and 2T on quality of CT images of the head revealed that no effect was demonstrated from CT examination of head. This is due to the fact that thyroid is not included in the examination field of head. The observed doses received by the thyroid from CT examination of head are largely attributed to the scattered radiation, generated in patient's head and in gantry (17, 20) . In view of the above and similar experience observed elsewhere (20, 21) , the use of external shielding (i.e. lead shields) for the protection of superficial radiosensitive organs (i.e. thyroid) that are not included in the CT examination field can significantly reduce the absorbed radiation dose to the organ for patient undergoing CT examinations without affecting the image quality (22) .
CONCLUSIONS
The effectiveness of modified thin layers of lead with foam pad to protect superficial radiosensitive organs without appreciably compromising image quality of deeper organs within and outside the plane of the CT image has been investigated. In this study, both phantom and patient studies demonstrated that the use of modified lead shields could be used to protect the superficial radiosensitive organs without significant effect on the image quality for deeper organs that are of clinical interest where superficial organ itself is not a target and that the irradiation of the superficial organ is unavoidable. This approach has reduced the dose to the lens of the eyes and thyroid by 44 and 51%, respectively. In view of the above, the use of modified lead shields within and outside the plane of CT image could reduce the dose to the superficial organs significantly without degrading qualitatively the image quality of organs of clinical interest. Further studies are needed to determine the optimal lead shield construction.
